Summary. Progesterone and oestradiol did not alter rates of insulin secretion from isolated rat islets of Langerhans during a 60 min period of incubation in vitro. However, islets isolated from rats which had been injected daily for 15 days with progesterone (5 mg) and oestradiol (5 Ixg) showed enhanced rates of insulin secretion in response to stimulation by 20 mmol/1 glucose or 6 and 20 mmol/1 glucose plus 5 mmol/1 theophylline. Islets from rats which had been injected with the slow-releasing depot progesterone derivative, hydroxyprogesterone hexanoate, 3 times in 15 days, also showed enhanced rates of insulin release in the absence of any alteration in adenylate cyclase activity. In neither experiment could increased food intake, blood glucose levels or islet insulin content account for the observed changes. The possibility of a direct effect of progesterone on the secretory process was investigated in islets which had been cultured for 20 h with progesterone and oestradiol; these islets were then subjected to a variety of stimuli for secretion. They responded significantly more to glucose (6 or 20 mmol/1) in the presence of theophylline (5 mmol/l), while their insulin content was not significantly different from control islets cultured for a similar period. Islets cultured for 20 h in the presence of progesterone and oestradiol did not show any change in their adenylate cyclase activities. Similarly, direct addition of progesterone and oestradiol to islet homogenates did not alter the adenylate cyclase activity during a 30 minute incubation. These results suggest that progesterone and oestradiol affect insulin secretion directly, by a mechanism which does not involve acti;cation of adenylate cyclase.
The existence of mechanisms for the long term regulation of insulin secretion in different physiological states is now well established, and these may be quite independent of the short term, minute-by-minute regulation of secretion. This long term control may be responsible for the reduced insulin response to glucose stimulation in fasting [8, 12] and for the enhanced release which is observed after glucose loading [12] or during the later stages of pregnancy [7] . One of the factors which could be involved in mediating this enhanced secretion in mid to late pregnancy is the elevation of progesterone levels which occurs at that time; there have already been reports of indirect effects on islet function of progesterone injected in vivo [3, 9] .
We report here the effects of treating rats with progesterone and oestradiol in vivo on subsequent patterns of insulin secretion from their isolated islets. In addition, we have investigated the possibility that progesterone and oestradiol may have direct effects on rat pancreatic B-cell metabolism 1. by testing the direct effects of these hormones on insulin secretion in vitro and 2. by culturing isolated islets with these steroids for 20 hours before examining their insulin secretory responses to a variety of stimuli, as well as their adenylate cydase activity.
Methods

Animals
Female rats of Sprague-Dawley strain weighing 200:7250 g were used and were allowed free access to food and water throughout. Those animals which received steroid injections were given either 25 mg hydroxyprogesterone hexanoate (Primolut Depot, Schering Chemicals Ltd., Burgess Hill, Sussex) in- 
Isolation and Incubation of Islets
Islets of Langerhans were isolated by collagenase digestion, by methods which have been described previously [10] . In order to test their insulin secretory responses they were preincubated for 30 min at 37~ in bicarbonate buffered medium [4] , containing 5 mmol/l glucose, either immediately after isolation or after the culture period. Islets were then transferred in groups of three into glass tubes containing 0.6 ml bicarbonate buffered medium, pH 7.4, and l mg albumin/ml together with 2, 6 or 20 mmol/l glucose, with or without 5 mmol/1 theophylline, and gassed with 95% Oz: 5% CO 2. After 60 rain incubation the media were removed and diluted for immunoassay of their insulin content.
Tissue Culture Procedure
Isolated islets (approx. 60 per dish) were placed in 5 cm tissue culture dishes containing 5 ml of tissue culture medium 199 (TCM199) with 5% new born calf serum (Flow Laboratories, Irvine, Scotland), 0.1 mg/ml streptomycin and 100 units/ml penicillin. The test dishes contained progesterone and oestradiol in ethanol at final concentrations of 10 ~tg/ml and l~tg/ml respectively. Control dishes were set up to which ethanol alone was added. The dishes were then placed in an incubator at 37~ in an atmosphere of 5% CO2: 95% air for 20 hours. Using this method the islets had not attached to the dishes at the end of the culture period and were repicked into 5 cm tissue culture dishes containing 5 ml bicarbonate buffered medium together with 5 mmol/l glucose. The dishes were then replaced in the incubator for 30min preincubation. Insulin secretory responses were tested by methods described above.
Other Assay Procedures
Adenylate cyclase activity was measured by a procedure which has been described in detail elsewhere [11] . a32-p ATP was used as substrate and cyclic AMP formed was separated by the use of columns of neutral alumina eluted with 10 mmol/l tris (hydroxy-methyl)-aminomethane -HC1 (TRIS -HC1) pH 7.6 [14] . Proteins were estimated by the method of Lowry [13] using crystalline albumin standards.
Insulin content of incubation media, or of islets after extraction of insulin with ethanol: HCI: water (23.5 : 0.45 : 7.0) was determined by immuno-assay, using insulin binding reagent obtained from Wellcome Reagents Ltd., Beckenham, Kent, and insulin iodinated in our laboratory.
Blood glucose concentrations were determined 
Expression of Results
Results are expressed throughout as the mean + SEM of the number of observations shown in parentheses. Significance of differences between means was' assessed by the use of Student's 't' test.
Results
Direct Effects of Progesterone and Oestradiol on lnsulin Secretion
Direct effects of steroids on islet insulin secretion were tested in one hour incubations in the presence of 2, 6 or 20 mmol/l glucose and also in the presence of 6 or 20 mmol/l glucose + 5mmol/1 theophylline ( Table 1 ). In neither case did addition of steroid significantly influence the insulin secretory responses of the islets.
Treatment of Rats with Steroids
Injection of rats with hydroxyprogesterone hexanoate (Primolut Depot) at a dose of 25 mg every fifth day over 15 days did not result in any significant alteration in their fasting blood glucose concentration or weight gain. Tests of insulin secretion by islets from steroid injected and oil injected control rats showed significantly enhanced secretion by islets from steroid treated rats in response to 6 or 20 mmol/l glucose (P < 0.05) provided that theophyIline was present in the incubation medium (Fig. 1) . This increased responsiveness did not reflect an increase in islet insulin content which was, if anything, lower in the steroid treated animals. Estimation of adenylate cyclase activity in islets isolated from rats after simular treatment showed no difference in basal activity and a significant fall in fluoride stimulated activity (oil injected, basal 3.08 + 0.25 and fluoride stimulated, 7.82 _+ 0.15 .pmol cAMP/rag protein/30 min; steroid injected, basal 2.75 + 0.15 and fluoride stimulated 6.57 +0.25 pmol cAMP formed/rag protein/30 min). Daily injection of rats with 5 mg progesterone plus 5 ~tg oestradiol benzoate for 15 days resulted in no significant alteration in fasting blood glucose, although the food intake and weight gain of steroid treated animals were increased by 15% in comparison to oil injected controls. Insulin secretion by islets from steroid injected animals was again significantly increased in response to 20 mmol/1 glucose alone or 6 or 20 mmol/1 glucose plus theophylline. The absence of any changes in the response to 2 or 6 mmol/1 glucose alone apparently excludes the possibility that this change in secretion simply results from higher insulin content of the islets, although a 21% increase (p < 0.05) in insulin content was observed in the present experiments.
Effects of Culture of Islets with Progesterone and Oestradiol on Insulin Secretion
Responses of islets to 2, 6, 20mmol/1 glucose and 6 or 20mmol/1 glucose + 5mmol/1 theophylline were tested after culture of the islets for 20 hours in media to which 10~tg/ml progesterone and/or 1 ~tg/ml oestradiol were added. Steroid was present throughout the 20 hour period of culture but not during the 1 hour incubation period of insulin secretion. Progesterone alone did not significantly alter secretion in response to 20mmol/1 glucose or 6mmol/1 glucose + theophyUine, but stimulated secretion in response to 20 mmol/1 glucose + theophylline; oestradiol alone had no significant stimulatory effects on secretion (Table 2) . Progesterone plus oestradiol stimulated secretion in response to 6 or 20 mmol/1 glucose only in the presence of theophylline (Table 2) . Qualitatively similar results were obtained when the concentrations of progesterone and oestradiol in the culture media were reduced to 1 ~tg/ml and 0.1 ~tg/ml respectively ( Table 2) .
There was no significant alteration in insulin or protein contents of the islets after a period of 20 hours culture in the presence of 10~tg/ml progesterone + 1 ~tg/ml oestradiol. The relevant figures were: insulin content of control islets, 36.5 + 0.96 ng/islet; steroid treated, 38.4ng/islet. Protein content of control islets: 0.67 + 0.042 ~tg/islet; steroid treated, 0.73 + 0.05 ~tg/islet (20 observations in each case).
Effects of Progesterone and Oestradiol on Islet Adenylate Cyclase Activity
Direct effects of progesterone on islet adenylate cyclase activity were tested over a range of concentrations of 0.1-10 ~tg/ml and at 10~tg/ml in the presence of 1 ~tg/ml oestradiol (Table 3) . Neither hormone had any significant effect on basal or fluoride stimulated cyclase activity in the conditions of these experiments. In a further series of experiments, islets were cultured for 20 hours in the same conditions as before and subsequently homogenized for assay of their adenylate cyclase activity. There was also no effect of culture with the hormone on basal or fluoride-stimulated adenylate cyclase activity measured at the end of the culture period. The relative values were: control cultures -basal 1.46 +_ 0.09, fluoride stimulated 6.08 + 0.33, steroid cultures 1.54 ___ 0.11, fluoride stimulated 6.37 + 0.43 pmol cAMP formed/mg protein/30 min (n = 9).
Discussion
The possible existence of indirect effects of progesterone and oestrogen on pancreatic islet function, which might in particular be important in promoting the development of hyperinsulinism in pregnancy, has been discussed previously. There is no doubt that the administration of progesterone and oestradiol to rats for 21 days can induce islet hypertrophy and increase insulin secretion in a somewhat similar way to that observed in late pregnancy [3, 9] . We have obtained effects of long term progesterone and oestradiol administration to rats similar to those reported by Costrini and Kalkhoff [3] , and also observed lesser changes following injection of the long acting depot progesterone analogue, hydroxyprogesterone hexanoate (Primolut Depot). These changes were not related to changes of blood glucose or food intake. Like Costrini and Kalkhoff [3] we were unable to observe direct effects of progesterone or oestradiol on insulin secretion during short term incubations in vitro, and we have. therefore tried to determine whether the effects were mediated directly, but not acutely, on the islets by culturing isolated islets with progesterone and oestradiol for 20 hours and then testing their insulin secretory responses. It was clear from these experiments that progesterone alone or progesterone plus oestradiol were capable of affecting islet function, and that this effect was only manifested during incubations performed with glucose and theophylline. This was very similar to the pattern of responses seen after steroid injection of intact animals (Fig. 1) . Thus progesterone can effect pancreatic B cell function directly and although such an effect may take some hours to develop in culture, it does not seem to result merely from an alteration in insulin content of the B cells during the period of culture.
In view of the fact that the effects of steroids after culture were most easily observed in the presence of a phosphodiesterase inhibitor, it seemed worthwhile investigating the possible role of cyclic AMP and in particular of adenylate cyclase in mediating their actions. Even after exposure to the steroid for a period of 20 h, no alteration of islet adenylate cyclase activity could be observed. In addition, there appeared to be no direct effects of either progesterone (0.1-10 ~tg/ml) or progesterone plus oestradiol on adenylate ~cydase activity in islet homogenates; this seems consistent with what is known of the mechanism of action of steroid hormones in general [15] .
The alterations in the regulation of insulin secretion which occur in late pregnancy in the rat have already been extensively investigated (5, 6) . In brief, basal rates of secretion in the presence of 2 mmol/1 glucose remained unchanged, but the threshold for stimulation of secretion by glucose was lowered in pregnancy from 5.5 to 4 mmol/l, while the degree of stimulation attained at any stimulatory glucose concentration was increased. Some of the factors which may be involved in eliciting these changes have been identified; islets from 20-day pregnant rats have increased adenylate cyclase activity and higher cyclic AMP levels than normal, and such an increase in cyclic AMP in normal B cells will elicit an insulin biosynthetic [2] and secretory [7] response to glucose which resembles that seen in pregnancy. This elevation of adenylate cyclase activity results in part from an increased carbohydrate intake, which affects the threshold for glucose stimulation of release [6] , and conceivably also from the activating effects of pregnancy hormones. It seems clear from the present study that the elevated concentrations of progesterone and oestrogen which are found towards the end of pregnancy do not affect adenylate cyclase activity directly, but may contribute to the stimulation of secretion provided that the B cell cyclic AMP levels are already raised either physiologically (in pregnancy) or experimentally (with theophylline). Such a mechanism would prevent any gross variation of insulin secretion at various stages of the oestrous cycle when B cell cyclic AMP levels presumably remain at normal levels, although minor variations in glucose tolerance and plasma insulin have been reported between oestrus and dioestrus in the rat [1] . It is equally clear that these steroids do not affect insulin secretion by modulating adenylate cyclase activity in the short or long term, or as a result of a massive increase in B cell insulin content. Investigations of 3H progesterone binding to islet subcellular fractions at present in progress may help to determine the mode of action of steroids in affecting pancreatic B cell activity.
